ABSTRACT The active layer material quality and doping profile effects on the ZnO-based thin film metal-semiconductor-metal photodiode's (MSM-PD) performance are studied using a 2-D numerical simulation. The results of the simulation reveal that the temporal response advantages of increasing the doping concentration of the PD's active layer are only appreciable at low bias. Whereas, using the downgraded material, the temporal response advantages are maintained for all applied biases but at the expense of a very low responsivity. This paper discusses the possibility of improving the temporal response while maintaining excellent responsivity. It is shown that the composed structure, made of a good material heavily doped top layer and a bottom layer lightly doped made of downgrade material, exhibits the desired temporal response advantages while maintaining an excellent responsivity.
I. INTRODUCTION
Ultraviolet (UV) photodetectors based on Zinc-oxide (ZnO) thin film are in the attention of many researchers because of the material unique features. In contrast to other wide bandgap semiconductors, ZnO material possess higher resistance to high-energy particle irradiation, higher exciton binding energy, higher carriers saturation velocity, in addition to a simpler and lower cost fabrication process [1] - [3] . Many ZnO based photodetectors with different device structures have been reported in the literature [4] - [13] . As grown ZnO material is unintentionally n-type semiconductor; however obtaining stable and reproducible P-type ZnO material is still a very difficult process [3] , [14] , [15] . Therefore, the metal-semiconductor-metal (MSM) device structure has become the most attractive choice for photodiode (PD) applications [16] , [17] . However, conventional ZnO-based MSM-PD suffers from low responsivity and response speed limitation [1] . MSM-PDs' response speed is primarily limited by the transit time of the The associate editor coordinating the review of this manuscript and approving it for publication was Kalyan Koley.
photo-generated carriers [18] , moreover, the transit time is governed by the mobility of the electrons and holes and the driving electric field established between the MSM-PD's fingers. The electric field depends on both the MSM-PD's structure (finger spacing and active layer thickness) and the applied bias. Because of their lower mobility, the holes are generally believed to cause the long tail in the temporal response; and thus, they represent the bottleneck of the PD speed. Consequently, the reduction or the complete elimination of the holes contribution to the photocurrent should definitely result in a significant improvement in photodiodes response time. A number of solutions have been proposed to improve the MSM-PDs speed. Mikulics et al, Chou et al, and R. B. Hammond et al, [19] , [21] used active layer material with a very short lifetime to realize very high-speed MSM PDs. This downgraded material can be obtained by intentionally introducing high-density of recombination centers, impurities and/or defects, during the growth of the material. Currie and Chyi et al, [22] , [23] used heterojunction to canalize the photo-generated carriers within a low bandgap and high mobility material. The skillfully crafted active layer caused the photo-generated carriers to drift towards the contacts in a predetermined path leading to very high response speed. Sun et al, [24] used a doped active layer to shorten the photodetector's fall time. Unfortunately, in all of these suggestions, the improvement of the response speed has been obtained at the expense of the responsivity of the MSM PDs, which is considerably lowered (sacrificed).
A number of theoretical [17] , [25] - [30] and experimental [31] - [35] studies have also been reported that investigate the influence of the structure's parameters in an endeavor to improve the ZnO-based UV-PD performance. However, to the best of the author knowledge, no investigation has been carried out to study the active layer doping profile effects on the ZnO-based MSM-PD performance. This work presents an effort to study the effects of the doping profile on the responsivity and response time of MSM-PDs. The results are then employed in combination with previous suggestions in order to come up with an optimum design with improvement in the overall performances. In active layers with non-uniform doping concentration, the inter-region diffusion of majority carriers sets up a built-in electric field within the active layer normal to the surface of the structure. This internal electric field can have a significant impact on the charge carriers' dynamic (path) within the active layer which could be utilized to improve the UV-PD's performance.
In this paper, the performance of ZnO-based MSM-PDs with different doping profile and different material properties (i.e. carrier lifetime and mobility) are analyzed using a developed two-dimensional numerical simulation program. The model used is based on the drift-diffusion model; where the coupled system formed by the Poisson's equation and the time-dependent/time-independent continuity equations for electrons and holes is solved to evaluate the steady-state and transient response of the different MSM-PDs. The depletion region, electric field distributions, and current paths inside the MSM structures are considered in details to understand the carriers' dynamic behavior within the active layer of different doping profile MSM-PDs structures.
II. MODEL DESCRIPTION AND SIMULATED STRUCTURES
A schematic view of the studied ZnO-MSM-PD is shown in Fig.1 (a) . The structure is composed of geometrically symmetrical interdigitated electrodes, which can be treated as a collocation of unit cells. These unit cells Fig.1 (b) are assumed to have the same physical properties; only one unit cell will be then considered as a simulation domain.
Poisson's equation and the time-dependent/timeindependent continuity equations for electrons and holes represent the basic semiconductor equations based on the drift-diffusion model. These equations along with the appropriate boundary conditions are scaled, discretized, and solved using the finite difference approach on a non-uniform twodimensional mesh, the details of the methodology employed to solve the system are presented in [29] , [36] , [37] . The ZnO material parameters utilized in the above-mentioned equations are shown in Table 1 . Note the two values used for the mobility and lifetime. The first numbers represent the typical values for the high-quality ZnO material, and the second represents the values for the downgraded materials. The low quality ZnO thin film can be fabricated using non optimal growth conditions such as substrate temperature, ambient gas, deposition pressure, and/or introducing high concentration of impurities [22] .
Using the briefly described model above, a thorough investigation of the effect of modulation doped active layer on the performance of the ZnO-based MSM-PDs has been undertaken. The influence of the quality of the active layer material, which is symbolized by the values of the carrier's lifetime and mobility, is also considered in this comprehensive study. All analyzed MSM-PDs structures have 100 × 100 µm 2 total active area and 0.2 µm total active layer thickness. The optical illumination is assumed to be a uniform UV source incident from a top with 150 µm spot diameter and 25 µW UV optical power. To study the PDs' impulse response, a Gaussian optical signal is used with a full width at half maximum (FWHM) of 5 ps and a peak located at 10 ps.
Several structures have been conceived to accomplish our study and realize an upmost understanding of the dynamics of photo-generated carriers in MSM-PDs. Our objective is to arrive at the best MSM-PD design to achieve optimum performance. The structures have different active layer doping profiles and different material qualities. Our reference structure, denoted D1, is taken to have a uniform active layer (N D = 10 15 cm −3 donor concentration unintentionally doped) with typical material quality. The second structure, denoted D2, has an n-doped active layer (N D = 10 16 cm −3 ) made also of typical material quality. The third structure, denoted D3, has an un-doped uniform active layer (N D = 10 15 cm −3 ) constituted from intentionally downgraded material quality. The fourth structure, denoted D4, has an active layer composed of two regions of typical material quality but different dopings: a 0.1 µm n-doped (N D = 10 16 cm −3 ) top layer and a 0.1 µm un-doped (N D = 10 15 cm −3 ) layer underneath. The fifth structure denoted D5, is composed of two layers: a 0.1 µm top layer of normal material quality n-doped (N D = 10 16 cm −3 ) and a 0.1 µm bottom layer un-doped (N D = 10 15 cm −3 ) downgraded material quality. It should be noted that the downgraded material can be formed by growing the material under non optimum condition leading to high concentration of defects; and/or introducing a large concentration of impurities. The carriers in the downgraded material usually have much lower mobility and much shorter lifetime Table 1 [22] .
III. SIMULATION RESULTS AND DISCUSSION
As mentioned in the introduction, a doped active layer as well as a downgraded active layer material with a very short recombination lifetime were proposed to speed up the MSM-PDs' response. Therefore, the study started by investigating the impact of these two modifications, structures D2 and D3, on the responsivity and response speed and compares them with the reference structure D1. Figure 2 shows the responsivity versus applied bias of the three structures under dc illumination. It can be seen that increasing the doping concentration of the PD's active layer (structure D2) delays the saturation of the responsivity up to higher applied biases. The saturation usually occurs when the active layer becomes fully depleted and hence most of the photogenerated carriers are collected. Since the extent of the depletion region depends considerably on the doping concentration; the highly doped structure (D2) necessitates higher applied bias to reach the saturation. Thus, the difference on the responsivity between D1 and D2 decreases with increasing the bias and both devices responsivity tend to saturate around 0.082 A/W. On the other hand structure D3, made with the downgraded material, yields a very low responsivity over the whole range of applied bias due to the high recombination rate caused by the very short lifetime of excess carriers. It must be noted that the extent of the depletion region and the electric field distribution, strength and direction, within the active layer of structure D3 and structure D1 are nearly identical; and both structures require around 5 volt bias to fully deplete the active layer. Figure 3 shows the calculated impulse response for structures D1, D2, and D3 at an applied bias of 5 volts. It can be seen that all devices exhibit nearly identical rise time around 4.5 ps that tracks very closely the excitation impulse (FWHM = 5 ps). On the other hand, they reveal significant differences in the peak photocurrent, FWHM, and fall time. These differences are believed to be correlated to the dissimilarity in the expansion of the depletion region in the active layer because of the high doping for structure D2 and the elevated recombination rate of the photo-generated carriers caused by the short lifetime for structure D3. The main advantages of the proposed structures D2 and D3 over the reference structure D1 are the shorter FWHM and fall time in the impulse response; resulting in a much faster response time of the devices. For structure D2 these advantages, when compared to D1, are only appreciable at low bias whereas as the applied bias is increased the two structures exhibit comparable response speed Fig. 11 and 12 .
These observations can be easily explained by carefully examining the evolution of the depletion region for the two VOLUME 7, 2019 structures. The extent of the depletion region at a given bias is smaller for structure D2 because of the higher doping; therefore, the collection of photo generated carriers covering mainly the depleted region completes faster. However, as the bias is increased and the depletion region extends over the whole active layer these advantages gradually disappear. Concerning structure D3, made from the downgraded material, the advantages of the temporal response are maintained for all applied biases. However, the dc responsivity and the peak photocurrent of the impulse response are extremely lower than all other structures. This structure can be very useful in special applications where the incident optical signal is appreciable and the response speed is the main objective of the system.
In an effort to devise structures with even superior performances than the structures proposed in the literature and studied above. The authors considered ways to reduce the contribution of the slow holes in the overall photocurrent; as they are generally thought to be the cause of the long tail in the impulse response. Thus, the device can achieve a much faster response time while keeping acceptable responsivity. It is well known that the electric field distribution in the PD's active layer determines its photo-response [38] . Therefore, a study of the doping profile impact on the PD's responsivity and response speed started by investigating the electric field distribution, direction and strength, within the active layer of the device. The effects caused by changing the active layer doping profile on this distribution were careful examined. The structure D4 has been selected to establish the conditions under which the photo-generated electrons and hole will have the desired drift paths within the active layer. The built-in electric field established by the non-uniform doping should have the required direction to repel the photo-generated holes away from the top region. Therefore, the device structure could result in hindering the slow holes from being collected leading to substantially shortening the long tail in the temporal response.
The simulation under dark condition is carried out for structures D1 and D4 at an applied bias of 15 V. Figures 4,  and 5 show the calculated electric field distribution in vector forms, strength and direction, in the active layer for D1 and D4, respectively. Because the electric fields in the vicinity of the contacts are much stronger compared to those in the central region of the active layer, the vectors shown in the figures were scaled down differently for the two regions. Thus, the figures exhibit accurately the directions of the electric field within the devices and relatively their strength. Careful examination of the electric fields distributions in the two figures reveals a number of features that could have profound impacts on the paths followed by the drifting photo generated carriers. In structure D1, uniform doping, between the contacts the electric field is nearly uniform principally pointing in the negative x-direction.
Whereas, in structure D4, non-uniform doping, the field distribution between the contacts is modified fundamentally; the electric fields are mostly pointing downward. The negative y-components of the fields have increased in strength by about three orders of magnitude compared to those in structure D1, while the x-components remain approximately the same. This transformation is the most important; it could be utilized ingeniously in MSM-PD designs to reduce the long tail in the temporal response or eliminate it altogether. The intense y-components of the electric field, set up because of the non-uniform doping, repel the photo-generated holes away from the active layer toward the substrate and hence prevent their contribution to the photocurrent. Structure D4 is then simulated to evaluate its performance under dc illumination and impulse optical signal. The dc responsivity obtained have very similar trend like structure D1 and structure D2: the responsivity increases monotonically with applied bias until reaching a saturation value of about 0.082 A/W. Even though, because of the difference in doping concentration/profile between the three structures the saturation is attained at different applied bias. Unfortunately, the response time has not improved and even deteriorated at certain applied biases. The problem with the structure is it drives the holes downwards, and since the carriers' lifetime is too long the photo-generated holes finish by being collected but inopportunely after following a longer path. Video 1 shows the photo-generated electrons and holes behavior within the active layer of structure D4 as a response of the Gaussian optical signal at bias 15 volt.
Consequently, we should annihilate the repelled holes to prevent their contribution to the photocurrent; hence the repelling of the holes could materialize in improvement of response speed. Structure D5 is devised to take advantage of the two ideas: (1) the repelling of the holes by the non-uniform doping; and (2) the shortening of the carriers' lifetime by using downgraded material in the bottom layer. As described above, structure D5 is composed of a top layer made of good material heavily doped, and a bottom layer lightly doped made of downgrade material. Figure 6 shows the dc responsivity versus applied bias for structures D1, D4, and D5. The proposed structure D5 shows a very slight degradation in dc responsivity: saturation at ∼ 0.077 A/W compared to 0.082 A/W of the reference structure D1. Figure 7 shows the normalized impulse response of the three structures at 15 V applied bias. Even though, the FWHM is comparable between the three structures at this bias the figure reveals very clearly the improvement in the fall time of the proposed structure. This is a strong indication that the holes repelled toward the bottom layer are hindered from contributing to the photocurrent. The obstruction could be caused by either of two factors. One the elevated recombination rate in the bottom downgraded layer results in the annihilation of these holes. Two the very low mobility within this layer hampers these holes from drifting back towards the contacts to become collected Figures 8, 9 and 10 summarize the calculated peak photocurrent, FWHM and fall time versus applied bias for all simulated structures; these three figures of merit are directly related to the performance of photodetectors.
The figures reveal a strong bias dependence of these performance parameters. As the bias is increased and the active layer becomes fully depleted, all structures manifest a monotonically increase of the peak photocurrent, and decrease in the fall time. The FWHM for all structures tends to saturate for high biases at a very comparable value except for structure D3, made of the downgraded material, it maintains a noticeably smaller FWHM for all bias range. The fluctuation in the fall time of the curves D4 and D5 seen in Fig. 10 around 10 V, is believed to be correlated to the spreading of the depletion region across the two region of different doping.
The proposed structure, D5, exhibits a clear superiority in the fall time, comparable to structure D3 made of the downgraded material while maintaining an excellent responsivity comparable to that achieved by structure D1. The proposed structure offers a much superior design for MSM PD applications; it exhibits a significantly faster response time without severely sacrificing the responsivity.
Further fine adjustments may be required to further improve the performance of the structure. Adjustments of the thickness and doping concentrations of the top and bottom layers could lead to further optimization of the PD performance.
IV. CONCLUSION
The DC and temporal response of ZnO-based MSM-PDs, where the active layer has different doping concentration/profile and made of different material quality, are analyzed using a two-dimensional numerical simulation program. The results of the simulation show that increasing the doping concentration of the active layer lead to an improvement of the response speed. Unfortunately, this advantage is only appreciable at low bias when the depletion region is relatively smaller because of the high doping concentration. At high bias when the whole active layer becomes fully depleted the advantage disappear. On the other hand, using an active layer made of downgraded ZnO material result in an MSM-PD with excellent response time over the whole bias range. Yet again this advantage is obtained at the expense of the responsivity. Conscientious examinations of the electric field distribution and the dynamics of the photo-generated carriers lead to the conception of a new design for the MSM PD. The new design consists of an active region made of two layers; the top layer a heavily doped n-type good quality ZnO material, and the bottom layer a lightly doped n-type downgraded ZnO material. The main advantage of the new design is to ingeniously drive the slow hole away from the active layer, and preclude their contribution to the photocurrent. The simulation results of the devised structure show a much faster response time with very short fall time. In addition, the responsivity of the MSM-PD structure shows no significant degradation. The new structure exhibited superior overall performance over all previously suggested designs.
